INTRODUCTION {#s1}
============

Gastric cancer is the fifth commonest type of cancer and the second leading cause of cancer-related deaths worldwide ([@R1],[@R2]). Despite a recent increase in the number of tests performed for screening gastric cancer, including endoscopic examinations and measurement of serum carcinoembryonic antigen levels, the gastric cancer mortality rate has not decreased significantly ([@R3]). Thus, early detection of and risk stratification for gastric cancer are necessary to reduce morbidity and mortality.

There are several known risk factors for gastric cancer: sex, age, ethnicity, smoking status, and *Helicobacter pylori* infection ([@R4],[@R5]). In addition, metabolic disturbances such as obesity, metabolic syndrome, and diabetes mellitus (DM) also increase gastric cancer risk ([@R6]--[@R9]). Their common pathological conditions, including hyperglycemia and hyperinsulinemia (or insulin resistance), increase cell proliferation, angiogenesis, and oxidative DNA damage ([@R6],[@R8],[@R10]). Hyperglycemia itself promotes epithelial mesenchymal transition, which is associated with cancer progression and metastasis ([@R11]).

Beyond hyperglycemia, growing evidence has emphasized the influence of glycemic variability on the incidence of diabetic complications and all-cause or cardiovascular mortality independent of glycemic control in individuals with DM ([@R12]). Fluctuations in glucose levels increase oxidative stress, endothelial dysfunction, and subclinical inflammation, promoting organ damage ([@R13]). However, whether glycemic variability increases gastric cancer risk in individuals without DM remains unknown.

We aimed to examine the relationship between visit-to-visit glycemic variability and gastric cancer risk in adults without DM using a large nationwide population-based cohort.

METHODS {#s2}
=======

Data source {#s2-1}
-----------

Claims and health checkup data from the National Health Insurance Service--National Sample Cohort (NHIS-NSC) were used. The NHIS is a single-payer health care system for all Korean residents managed by the Korean government, covering approximately 98% of the Korean population ([@R14]). The NSC is a representative sample cohort of about 2.2% of the total Korean population, allocated using systematical stratified random sampling. Biannual health checkups are provided without additional cost to those aged at least 40 years. All employers are responsible for arranging examinations; for self-employed individuals, a post mail is sent biannually instructing them to visit the assigned health examination center after overnight fasting for at least 8 hours ([@R14]). Detailed information and the quality of this cohort have been reported previously ([@R14]--[@R18]). The claims data set comprises data on sociodemographic variables; diagnosis statements defined by the *International Classification of Diseases, 10th Revision* (*ICD-10*); prescriptions; and hospital visit dates. The health checkup data set includes data of biannual health examinations for all eligible participants, including anthropometric measurements, questionnaires on lifestyle and behavior, and regular blood test parameters (including fasting glucose levels). Researchers can analyze NHIS-NSC data if their study is approved by the review committee.

Study population {#s2-2}
----------------

Since these cohort data were obtained in 2002, to maximize the number of participants and to minimize the differences in duration variability measurement, we selected individuals aged ≥40 years at baseline who underwent at least 1 health checkup between 2006 and 2008 (index year) and had more than 2 health checkups during the 5 years before the index year. The time point of the last health checkup between 2006 and 2008 was considered as the baseline. Of the 300,241 patients within the index year, we excluded those previously diagnosed with DM (n = 70,569), with any type of cancer (n = 18,662), and with missing data for at least 1 variable (n = 19,533); thus, 202,562 individuals were eligible for inclusion (see Figure 1, Supplementary Digital Content 1, <http://links.lww.com/CTG/A368>). The protocols were approved by the NHIS review committee and the Korea University institutional review board (IRB no. 2019GR0038). The requirement for obtaining informed consent was waived by the IRB because the NHIS provided the researchers with anonymous, deidentified information.

Assessment of glycemic variability {#s2-3}
----------------------------------

Glycemic variability was determined as visit-to-visit intraindividual fasting plasma glucose (FPG) variability during the 5 years before the baseline. Fasting glucose levels were measured in all participants at least thrice. We used 4 variability indexes to verify the consistency of the hypothesis: (i) variability independent of the mean (VIM), determined using the following formula: 100 × SD/mean^β^ (β; the regression coefficient based on the natural logarithm of the SD over the natural logarithm of the mean), (ii) coefficient of variation (CV), (iii) SD, and (iv) average successive variability (ASV), which is the average absolute difference between successive values and was determined using the following formula: \|Glu~1~ − Glu~2~\| + \|Glu~2~ − Glu~3~\|+ ··· + \|Glu~N-1~ − Glu~N~\|/N − 1 (N, the number of measurements) ([@R19]). The higher the values of FPG-SD, CV, VIM, and ASV, the greater is the visit-to-visit glycemic fluctuation.

Definitions and measurements {#s2-4}
----------------------------

DM was defined using *ICD-10* codes E10--14 or a fasting glucose level ≥126 g/dL. Cancer was defined as at least 1 claim for any type of cancer, with an *ICD-10* code beginning with the letter C. Gastric ulcers were defined under the *ICD-10* code K25 and duodenal ulcers under the code K26. Normal fasting glucose (NFG) levels were defined as fasting glucose levels \<100 mg/dL, whereas impaired fasting glucose (IFG) levels were defined as fasting glucose levels between 100 and 125 mg/dL at baseline. The mean fasting glucose level was defined as the average of all fasting glucose measurements in the index year and within the previous 5 years.

Self-report questionnaires were used to evaluate smoking status, alcohol consumption, regular exercise, and family history of any cancer type. Current smoking was defined as the use of any tobacco product in the index year. Heavy alcohol consumption was defined as alcohol consumption on at least 3 d/wk. Regular exercise was defined as moderate-intensity exercise performed at least 3 d/wk. Low income was defined as a monthly income in the lowest 20% of the total population distribution. All participants underwent physical examinations (height, weight, and blood pressure); venous blood samples were drawn for glucose measurements after overnight fasting for at least 8 hours. Hospitals conducting the examinations underwent regular quality control checks by external quality assessment supervised according to the Korean Association of Quality Assurance for Clinical Laboratory guidelines ([@R11]).

Outcomes and follow-up {#s2-5}
----------------------

The end point was gastric cancer incidence based on hospitalization records for gastric cancer (*ICD-10* C16) as a major diagnosis. Gastric cancer subsites were identified as noncardia (*ICD-10* C16.0) or cardia (C16.1--16.9). The study population was followed up from the baseline to the date of gastric cancer diagnosis, death, or the end of the study period (December 31, 2013).

Statistical analyses {#s2-6}
--------------------

Baseline characteristics were presented as mean ± SD or median (25th and 75th) for continuous variables and as numbers (%) for categorical variables. Participants were grouped into quartiles or deciles according to fasting glucose variability; differences in baseline characteristics were determined using analysis of variance or χ^2^ tests. Gastric cancer incidence was calculated as the number of incident cases divided by the total follow-up duration (person-years). The cumulative incidence of gastric cancer according to FPG variability was analyzed using Kaplan-Meier estimates. A Cox proportional hazards model was used to calculate the hazard ratio (HR), with its corresponding confidence intervals (CIs), for gastric cancer with multivariable adjustments. Model 1 was adjusted for age, sex, and body mass index. Model 2 was additionally adjusted for smoking status, alcohol consumption, regular exercise, income level, family cancer history, mean fasting glucose levels, and number/mean interval of FPG measurements. Variance of inflation factor (VIF) was calculated to test collinearity of independence of variables including FPG variability and mean fasting glucose and all VIFs with variables were \<10.0. In addition, baseline fasting glucose levels were stratified into NFG and IFG levels, and the same analysis was performed. We tested the proportionality of the subdistribution hazard assumption using Schoenfeld residuals; there was no violation of the assumption.

A sensitivity analysis was conducted to test the robustness of our results, using 5 exclusion criteria. First, we excluded individuals who developed gastric cancer within 2 years of the baseline measurement to minimize the possibility of reversal causality. Second, we excluded individuals diagnosed with gastric or duodenal ulcers at baseline as these can be considered as premalignant lesions. Third, we excluded individuals who had IFG at least once during 5 years before the baseline because IFG itself might significantly increase cancer risk. Fourth, we excluded individuals who developed DM from the index year to the end of follow-up. Fifth, we excluded individuals who developed IFG or DM from the index year to the follow-up period. In addition, we conducted a separate analysis of the incidence of cardia vs noncardia gastric cancer to determine whether glycemic variability had a differential impact on the development of cardia and noncardia cancer. The cardia subtype is closely related to gastroesophageal reflux and obesity, whereas noncardia cancer is strongly related to *H. pylori* infection ([@R20]). We presumed that the association between fasting glucose variability and gastric cancer incidence varies according to anatomical site. The Statistical Analysis System software (Version 9.3; SAS Institute, Cary, NC) was used to perform all analyses. A *P* value \<0.05 was considered significant.

RESULTS {#s3}
=======

Baseline characteristics of the study population {#s3-1}
------------------------------------------------

In total, 202,562 participants were included, of which 52,806 (26.1%) had IFG. The median follow-up duration was 5.6 (5.3--6.4) years. In over 1,175,552 person-years of observation, 1,920 participants developed gastric cancer. FPG levels of each subject were measured 3 to 6 times (3 times n = 124,958, 4 times 22,173, 5 times 20,138, and 6 times 35,293).

Participants with higher quartiles of FPG variability had higher baseline fasting and mean fasting glucose levels, were more likely to be male, had higher rates of smoking and alcohol consumption, and had lower rates of regular exercise (Table [1](#T1){ref-type="table"}). Total cholesterol levels were not significantly different among the 4 groups. Baseline characteristics according to the quartiles of other variables defined using CV, SD, and ASV showed similar trends (data not shown). Participants who developed gastric cancer had higher FPG variability, but fasting glucose levels were not significantly different. Those who developed gastric cancer were older, mostly male, had higher systolic blood pressure, lower total cholesterol levels, and higher rates of smoking and heavy alcohol consumption (see Table 1, Supplementary Digital Content 2, <http://links.lww.com/CTG/A368>).

###### 

Baseline characteristics of participants according to quartiles of fasting glucose variability assessed by VIM

![](ct9-11-e00221-g001)

Values are presented as mean ± SD or n (%).

The superscripts (\*†‡¶§¥) indicate the pair of values that were significant in *post hoc* analysis.

FPG, fasting plasma glucose; VIM, variability independent of the mean.

Gastric cancer risk according to glycemic variability {#s3-2}
-----------------------------------------------------

In total, 1,920 (0.95%) patients had newly diagnosed gastric cancer within a median follow-up of 5.6 years. Kaplan-Meier curves demonstrated that the cumulative gastric cancer incidence increased progressively with increasing quartiles of FPG variability in individuals without DM; similar trends were seen in both the NFG and IFG groups (Figure [1](#F1){ref-type="fig"}). Gastric cancer risk progressively increased with increasing quartiles of FPG variability, compared with the lowest quartile, after fully adjusting for confounding factors, including age, sex, and body mass index (HR: 1.30, 95% CI: 1.22--1.39, model 1) (Table [2](#T2){ref-type="table"}). Similar trends of increasing gastric cancer incidence were seen after additionally adjusting for smoking status, alcohol consumption, regular exercise, income level, family cancer history, mean fasting glucose levels, and number/mean interval of FPG measurements (HR: 1.26, 95% CI: 1.18--1.34, model 2). The HR for gastric cancer increased in both the NFG and IFG groups along with the quartiles of FPG variability after full adjustment for confounding factors, including baseline glucose levels. Similar results were obtained when the attained age was used as the time scale (see Table 2, Supplementary Digital Content 2, <http://links.lww.com/CTG/A368>). Similar trends were observed when using other indexes of variability, such as CV, SD, and ASV (see Tables 3--5, Supplementary Digital Content 2, <http://links.lww.com/CTG/A368>).

![Cumulative incidence of gastric cancer according to quartiles of fasting glucose assessed by VIM, CV, SD, and ASV in the (**a**) total (**b**) NFG and (**c**) IFG groups. ASV, average successive variability; CV, coefficient of variation; IFG, impaired fasting glucose; NFG, normal fasting glucose; VIM, variability independent of the mean.](ct9-11-e00221-g002){#F1}

###### 

Hazard ratios and 95% confidence intervals for the incidence of gastric cancer according to quartiles of fasting glucose variability assessed by VIM

![](ct9-11-e00221-g003)

Model 1: adjusted for age, sex, and body mass index.

Model 2: additionally adjusted for smoking status, alcohol consumption, regular exercise, income level, family history of cancer, mean fasting glucose level, and number/mean interval of FPG measurements.

FPG, fasting plasma glucose; IFG, impaired fasting glucose; NFG, normal fasting glucose; VIM, variability independent of the mean.

We also analyzed gastric cancer incidence according to deciles of FPG variability to confirm the linear association (Figure [2](#F2){ref-type="fig"}). Those in the highest decile of FPG variability showed a 35.6% increased risk of gastric cancer (HR: 1.36, 95% CI: 1.23--1.50) compared with those in the lowest quartile after full adjustment for confounding factors. The risk increased by 60% in the IFG group (HR: 1.60, 95% CI: 1.33--1.93) (see Table 6, Supplementary Digital Content 2, <http://links.lww.com/CTG/A368>). Similar results were obtained when variability was analyzed using CV, SD, and ASV (see Tables 7--9, Supplementary Digital Content 2, <http://links.lww.com/CTG/A368>). Furthermore, the fully adjusted HR for gastric cancer development was 1.10 (95% CI: 1.07--1.12, *P* \< 0.001) according to a 1-SD increase in FPG variability assessed using VIM.

![Incidence and adjusted hazard ratios of gastric cancer according to deciles of fasting glucose variability assessed by VIM, CV, SD, and ASV in the (**a**) total (**b**) NFG and (**c**) IFG groups. Adjusted for age, sex, body mass index, smoking status, alcohol consumption, regular exercise, income level, family cancer history, and mean fasting glucose levels. ASV, average successive variability; CV, coefficient of variation; IFG, impaired fasting glucose; NFG, normal fasting glucose; VIM, variability independent of the mean.](ct9-11-e00221-g004){#F2}

Sensitivity analyses {#s3-3}
--------------------

We conducted several sensitivity analyses to establish the robustness of the association between FPG variability and gastric cancer (Table [3](#T3){ref-type="table"}). The results were nearly identical after excluding participants diagnosed with gastric cancer within 2 years after the baseline measurements, who were diagnosed with gastric or duodenal ulcers before the baseline, who had IFG at least once during 5 years before the baseline, or who developed IFG and/or DM from the index year to the end of follow-up. In the subgroup analysis according to anatomical site, similar results were obtained after adjusting for confounding factors, including mean fasting glucose levels.

###### 

Sensitivity analysis: hazard ratios and 95% confidence intervals for the incidence of gastric cancer according to quartiles of FPG variability assessed by VIM

![](ct9-11-e00221-g005)

![](ct9-11-e00221-g006)

Adjusted for age, sex, body mass index, smoking status, alcohol consumption, regular exercise, income level, family history of cancer, and mean fasting glucose level.

FPG, fasting plasma glucose; IFG, impaired fasting glucose; VIM, variability independent of the mean.

DISCUSSION {#s4}
==========

In this nationwide cohort of 202,562 individuals without DM from the general population, we found that FPG variability assessed using VIM was associated with an increased gastric cancer risk for the first time. The association remained significant after adjusting for multiple variables and using different variability indexes. Similar results were obtained after excluding individuals diagnosed with gastric cancer within 2 years after the baseline measurements, individuals with gastric or duodenal ulcers before the baseline measurement, or individuals with IFG at least once during 5 years before the baseline measurement. This effect was more prominent in individuals with IFG; the association between glycemic variability and gastric cancer incidence did not differ according to the cardia or noncardia subtypes.

In addition to the traditional risk factors of gastric cancer, metabolic disorders including obesity, metabolic syndrome, and hyperglycemia were presumed to affect the risks associated with carcinogenesis of the stomach ([@R9],[@R21]). Many studies have examined the association between DM and gastric cancer, but the results were inconsistent and differed depending on the characteristics of the study population, such as sex and ethnicity. In the DM-free population analyzed in this study, baseline fasting glucose levels were not significantly different between patients with gastric cancer and controls. Contrastingly, glycemic variability was significantly higher in patients with gastric cancer than in those without. This finding implied that fasting glucose levels, *per se*, have little impact, but variability in these levels may have a significant role in the carcinogenesis of the stomach in a nondiabetic population.

Long-term glycemic variability is a marker of glucose homeostasis, and increased variability implies increased glucose fluctuation. Glycemic variability has been extensively studied in diabetic models; the results have indicated its impact on the development and progression of diabetic complications and mortality, similar to that seen with chronic hyperglycemia ([@R12],[@R22]). A few studies have investigated the relationship between glycemic variability and cancer, but those studies were conducted only in individuals with DM. Muggeo et al. ([@R23]) reported that in 1,400 patients with type 2 diabetes, glycemic variability increased the rates of malignancy-related, all-cause, and cardiovascular disease--related mortalities. Contrastingly, Takao et al. ([@R24]) demonstrated that HbA1C variability was not associated with cancer mortality but was related to all-cause and non--cancer-related mortalities in a 16-year follow-up study of 754 patients with type 2 diabetes. Interestingly, in the latter study, the mean HbA1C value was related to cancer mortality ([@R24]), suggesting that the effect of glycemic variability on cancer progression might be attenuated by chronic hyperglycemia in the subjects with DM. In a recent prospective cohort analysis, the positive association between glycemic variability and mortality was significant and more obvious in individuals without DM than in those with DM ([@R25]). However, no studies have investigated the association between glycemic variability and cancer in nondiabetic populations. Furthermore, previous studies did not determine cancer incidence but instead focused only on cancer mortality. The effect of glycemic variability on cancer incidence might be different from its effect on cancer mortality. Recently, Saito et al. ([@R26]) reported that higher glycemic variability showed a dose-dependent association with later tumorigenesis in 2,640 patients with DM. However, they evaluated all cancer types without considering site- or organ-specific cancers and included a relatively small sample of patients with DM.

To date, no study has examined the association between glycemic variability and gastric cancer risk in a DM-free population. Our results indicated that higher FPG variability significantly increased gastric cancer risk in a large-scale general population without DM after adjusting for multiple variables. There are several possible hypotheses for this observation. First, glycemic variability indicates the extent of oxidative stress and systemic inflammation. Glucose oscillation induces more oxidative stress than consistent hyperglycemia, resulting in enhanced collagen synthesis and accelerated apoptosis in human umbilical vein endothelial cells ([@R27]). During periods of high glycemic variability, superoxide production via NADPH oxidase activity is induced in the mitochondria ([@R28]), and the AKT signaling pathway is inhibited by the increase in nuclear factor kappa B and caspase-3 expression ([@R29]). Therefore, overproduction of reactive oxygen species and inflammatory cytokines might cause DNA damage in the gastric mucosa and interfere with repair, exacerbating the gastric cancer risk ([@R10]). Second, high glycemic variability reflects irregular eating habits or consumption of foods with a high glycemic index. Evidence indicates that dietary factors play a critical role in gastric oncogenesis ([@R30]). Irregular meal patterns disturb energy metabolism, lowering postprandial energy expenditure, although the mean energy intake does not differ ([@R31]). Augustin et al. ([@R32]) reported that the odds ratio for gastric cancer in the highest quartile of glycemic load was 1.99 (95% CI: 1.47--2.55) compared with that in the lowest quartile group. Bertuccio et al. ([@R33]) found similar results that in the highest quintile of glycemic load: the odds ratio for gastric cancer was 2.5 (95% CI: 1.3--4.9) compared with that in the lowest quintile. In a recent meta-analysis, a high glycemic load increased gastric cancer risk, especially in the Asian subgroup ([@R19]). Third, glycemic variability causes the apoptosis of pancreatic β cells ([@R34]), which may result in the deterioration of glycemic control and subsequent progression of complications. Meanwhile, glycemic instability itself might be a marker of β-cell dysfunction in at-risk individuals before diabetes onset. Furthermore, elevated gastric cancer risk was observed in a Japanese population with higher insulin and C peptide levels caused by abnormal glucose homeostasis ([@R35]).

One of the biggest strengths of this study is that it examined a nationwide population. Furthermore, variability was examined over 5 years from the index year, with a subsequent follow-up period of \>5 years for gastric cancer incidence. Moreover, we used several indexes of variability, which have distinct characteristics. VIM is independent of the mean level but dependent on the sample size. CV is a unitless measure of standardized variation, SD is a measure of absolute variation, and ASV is relatively stable in sample size ([@R36]--[@R38]). These consistent results using different indexes of variability strongly suggest that glycemic variability might have an impact on gastric cancer incidence.

There are several limitations to this study. First, because we used health insurance claims data, there could be a discrepancy with the actual diagnosis. Nevertheless, in Korea, cancer registration is strictly performed by a specially trained registry staff, and several studies have validated the accuracy of cancer diagnosis using *ICD-10* codes and demonstrated high sensitivity and specificity ([@R39],[@R40]). Second, although the results were adjusted for possible factors affecting gastric cancer, there are several other factors that we did not adjust for, including *H. pylori* infection, use of medical drugs (proton pump inhibitors), HbA1C levels, and diet pattern. To minimize their effects, we adjusted for the mean fasting glucose levels and performed several sensitivity analyses, leading to similar results. Third, only participants older than 40 years who underwent regular health checkups in Korea were included; thus, it is hard to generalize these findings to other populations or consider it as representative of the Korean population. Finally, this study was a retrospective cohort study and not an intervention study; hence, we could not conclude whether improving diet, modifying lifestyle, performing regular exercise, and stopping smoking can improve FPG variability and reduce gastric cancer risk.

In conclusion, higher FPG variability significantly increased the development of gastric cancer in individuals without DM independent of other risk factors, including mean fasting glucose levels. Our results indicate that reducing glycemic variability might be important in preventing gastric cancer, even in the general population. Further studies are warranted to validate these results and explore the underlying mechanisms mediating FPG variability and gastric cancer risk.
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